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Preconditioning of skeletal muscle against
contraction-induced damage: the role of adaptations
to oxidants in mice
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Adaptations of skeletal muscle following exercise are accompanied by changes in gene
expression, which can result in protection against subsequent potentially damaging exercise.
One cellular signal activating these adaptations may be an increased production of reactive
oxygen and nitrogen species (ROS). The aim of this study was to examine the effect of
a short period of non-damaging contractions on the subsequent susceptibility of muscle
to contraction-induced damage and to examine the changes in gene expression that occur
following the initial contraction protocol. Comparisons with changes in gene expression in
cultured myotubes following treatment with a non-damaging concentration of hydrogen
peroxide (H2O2) were used to identify redox-sensitive genes whose expression may be
modified by the increased ROS production during contractions. Hindlimb muscles of
mice were subjected to a preconditioning, non-damaging isometric contraction protocol
in vivo. After 4 or 12 h, extensor digitorum longus (EDL) and soleus muscles were
removed and subjected to a (normally) damaging contraction protocol in vitro. Muscles
were also analysed for changes in gene expression induced by the preconditioning
protocol using cDNA expression techniques. In a parallel study, C2C12 myotubes
were treated with a non-damaging concentration (100 µM) of H2O2 and, at 4 and
12 h following treatment, myotubes were treated with a damaging concentration of
H2O2 (2 mM). Myotubes were analysed for changes in gene expression at 4 h following
treatment with 100 µM H2O2 alone. Data demonstrate that a prior period of non-damaging
contractile activity resulted in significant protection of EDL and soleus muscles against
a normally damaging contraction protocol 4 h later. This protection was associated with
significant changes in gene expression. Prior treatment of myotubes with a non-damaging
concentration of H2O2 also resulted in significant protection against a damaging treatment,
4 and 12 h later. Comparison of changes in gene expression in both studies identified haem
oxygenase-1 as the sole gene showing increased expression during adaptation in both instances
suggesting that activation of this gene results from the increased ROS production during
contractile activity and that it may play a role in protection of muscle cells against subsequent
exposure to damaging activity.
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Skeletal muscle adapts rapidly following exercise. This
well-recognized process of adaptation is achieved by
numerous structural and biochemical changes in the
muscle cell and surrounding tissues (Goldspink, 1994) and
results in significant protection against later, potentially
damaging, exercise (Newham et al. 1987; Sacco & Jones,
1992; Koh & Brooks, 2001). Skeletal muscle adapts to even
single bouts of unaccustomed exercise by up-regulation of
a number of cytoprotective proteins (Ji, 1993; McArdle

et al. 2001). Contracting skeletal muscle generates an
increased amount of reactive oxygen and nitrogen species
(ROS). Initial studies in this area used electron spin
resonance techniques to demonstrate that skeletal muscle
contained free radical species whose magnitude was
increased by muscle activity (Davies et al. 1982; Jackson
et al. 1985). Further studies have demonstrated that
contracting diaphragm and limb muscles release increased
amounts of superoxide anion (Reid et al. 1992; McArdle
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et al. 2001) and nitric oxide (Balon & Nadler, 1994)
into the extracellular fluid and that hydroxyl radicals are
formed from hydrogen peroxide (H2O2) also released
from the muscle cells (O’Neill et al. 1996; McArdle
et al. 2004). Many of the published studies in this
area have concentrated on the potential role of ROS in
damage to skeletal muscle, but it has become clear that
these species are also produced during non-damaging
contractions (McArdle et al. 2001) and may be a necessary
signal for initiation of adaptive processes.

There is increasing evidence that exposure of cells to
reactive oxygen species causes cells to respond by induction
or repression of a wide variety of different genes. This
appears to be due to modification of the intracellular
redox balance influencing multiple signalling pathways
and the activation of key transcription factors leading to
a modulation of the expression of the genes controlled
by these factors (Ammendola et al. 1995; Stortz & Polla,
1996; Jackson et al. 2002). This has been described in a
number of different cell types (Nose et al. 1991; Wiese
et al. 1995; Nakamura et al. 1997; Torti et al. 1998) and
appears to be related to oxidation of key cysteine residues
within the DNA-binding region of transcription factors
(Stortz & Polla, 1996) or signalling molecules (Lander
et al. 1996). A number of genes that can be differentially
regulated by oxidative stress have been characterized and
include early response genes, genes for proteins involved
in antioxidant protection and genes for specific stress and
heat shock proteins (HSPs; Applegate et al. 1991; Stortz &
Polla, 1996; Jackson et al. 2002). Altered expression of some
of these proteins has been assessed in muscle following
exercise protocols. An acute bout of contractile activity
(Ji, 1993; McArdle et al. 2001) or longer-term exercise
training (Higuchi et al. 1985; Ji, 1993) resulted in increased
activities of the antioxidant protective enzymes such as
superoxide dismutase, catalase or glutathione peroxidase
and an increase in the muscle content of HSPs (McArdle
et al. 2001). Comparable data have been reported from
studies in humans (Jenkins et al. 1984; Khassaf et al.
2001). We have previously hypothesized that the adaptive
response of skeletal muscle to unaccustomed contractions
is mediated (at least in part) by oxidants generated during
contractile activity (McArdle et al. 2001; Khassaf et al. 2001,
2003).

Both cardiac and skeletal muscle are known to
respond to short periods of (ischaemic) stress to produce
an adaptive response that results in resistance to a
subsequent (normally) damaging, prolonged ischaemic
stress (Parratt, 1994; Bushell et al. 2002). This
phenomenom is known as preconditioning. We
hypothesize that, by analogy, a short period of
non-damaging contractions would result in protection
against a later (normally) damaging period of contractile
activity and that this would be mediated by changes in
muscle content of a variety of cytoprotective proteins

through redox-regulated changes in gene expression.
We also propose that this effect could be mimicked by
exogenous addition of H2O2 to muscle cells in culture and
would bring about common changes in gene expression.
This could therefore be used as a tool to identify
redox-sensitive, cytoprotective processes activated by an
increased ROS production during contractile activity.

Methods

Mice and contraction protocols

Experiments were performed in accordance with UK
Home Office guidelines under the UK Animals (Scientific
Procedures) Act 1986. In order to assess the susceptibility
of muscle to contraction-induced damage, C57Bl6 mice
were killed by cervical dislocation and soleus or extensor
digitorum longus (EDL) muscles were removed and
subjected to a well-characterized damaging protocol of
isometric contractions in vitro (McArdle et al. 1991;
West-Jordan et al. 1991). This is referred to as the
‘damaging contraction protocol’ in the subsequent text.
Adaptive responses and hence potential protection against
the damaging contraction protocol were induced by
either exposure of anaesthetized mice to hyperthermia
in vivo or by a 15-min period of electrically stimulated
contractions in vivo as previously reported (McArdle et al.
2001). This latter period of non-damaging contractions
is termed the ‘preconditioning contraction protocol’ in
subsequent text.

Damaging contraction protocol in vitro. Mice were
killed by cervical dislocation. EDL and soleus
muscles were rapidly and carefully removed to pre-
vent dissection damage, attached to glass holders and
placed into 4 ml of oxygenated, mammalian Ringer
solution at 37◦C. After a 30 min stabilization period,
the medium was replaced with fresh medium and
muscles were electrically stimulated via platinum
electrodes at 100 Hz for 0.5 s every 2 s at 30 V for a total
time of 30 min as previously described (McArdle et al.
1991). Medium was removed and replaced every 30 min
for a further 2 h. The removed samples of medium were
analysed for total creatine kinase (CK) activity as a index of
muscle damage (McArdle et al. 1991; Maglara et al. 2003).
At the end of the experiment, muscles were removed
and homogenized in ice-cooled 100 mm phosphate
buffer. Homogenates were centrifuged (20 000 g , 10 min)
at +4◦C and supernatants were analysed for total
muscle CK activity (McArdle et al. 1991; Maglara et al.
2003).

Preconditioning contraction protocol for induction of
adaptations in skeletal muscle of mice in vivo. Adult
mice were anaesthetized with sodium pentobarbital
(10 mg (100 g body weight)−1, i.p.). Hindlimbs were fixed
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and the muscles were electrically stimulated to contract
by surface electrodes placed around the upper limb and
ankle to induce isometric contractile activity in vivo.
Stimulation was for 15 min with square wave pulses of
0.1 ms. duration at 100 Hz and 70 V for 0.5 s. every 5 s.
as previously described (McArdle et al. 2001). Control
mice were anaesthetized without limb stimulation.
Previous studies have demonstrated that this contraction
protocol results in adaptive changes in specific muscle
proteins (McArdle et al. 2001). This protocol is essentially
non-damaging as it does not result in gross histological
damage and no significant change in maximum force
generation are detected in muscles at 3 h following this
preconditioning contraction protocol compared
with initial values (J. van der Meulen, personal
communication). Mice were allowed to recover from
anaesthetic and killed by cervical dislocation at 4 or 12 h
following the end of the contraction protocol. The EDL
and soleus muscles were removed and exposed to the
damaging contraction protocol in vitro described above.
Gastrocnemius muscles from the hindlimbs of mice were
also rapidly dissected, frozen in liquid nitrogen and stored
at −70◦C for further analysis.

Exposure of mouse muscles to hyperthermia. Adult
mice were anaesthetized with sodium pentobarbital
(10 mg (100 g body weight)−1, i.p.), core temperature was
monitored by insertion of a rectal thermocouple probe (RS
Components, UK) and mice were wrapped in a heating
blanket. Core temperature of mice was raised to 42◦C
and this was maintained for 15 min. Mice were allowed to
recover from anaesthetic and, at 4 or 12 h following the end
of the hyperthermia, killed by cervical dislocation and the
EDL and soleus muscles carefully removed and exposed
to the damaging contraction protocol in vitro described
above.

Exposure of cultured skeletal muscle myotubes to H2O2.
An immortalized mouse muscle cell line C2C12 (ATCC
no. CRL1772) was grown in a humidified atmosphere
of 95% air−5% CO2at 37◦C. Myoblasts were routinely
maintained in Dulbecco’s modified Eagles’s medium
(DMEM) supplemented with 12% fetal calf serum,
glutamine, penicillin and streptomycin. At 80–90%
confluency, cells were induced to differentiate into
myotubes by maintenance in DMEM supplemented with
2% horse serum, glutamine, penicillin and streptomycin
(Maglara et al. 2003). Myotubes were used in all subsequent
experiments at 5 days post differentiation (Maglara et al.
2003).

Assessment of myotube viability following treatment
with different concentrations of H2O2. In order to
determine the effect of H2O2 on myotube viability, C2C12

myotubes were cultured in 96-well plates and exposed to
0.1, 1, 2, 3, 4 or 5 mm H2O2 for 30 min.A stock solution

of H2O2 (30% w/w) was used for all experiments. The
absolute concentration of this stock solution of H2O2

was determined spectrometrically by measurement of
the absorbance at 240 nm using an extinction coefficient
of 43.6 m−1 cm−1. H2O2 was diluted to the required
concentration in Dulbecco’s phosphate-buffered saline
(DPBS) immediately prior to treatment of the myotubes.
At this time, the medium was removed from the
cells, DPBS containing H2O2 was added and the cells
returned to the incubator for 30 min. Control cells
were incubated with DPBS alone. After 30 min, the
DPBS containing H2O2was replaced with fresh DMEM
containing 2% horse serum and the myotubes returned
to the incubator for a defined time. The change in
concentration of H2O2in DPBS with time, in the absence
of cells, was monitored colorimetrically using horse-
radish peroxidase and tetramethylbenzidine (TMB). Cell
viability was assessed at 4 h following the end of the
H2O2 treatment period using the tetrazolium salt (3-(4,5-
dimethylthiazol-2yl)-2,5-diphenol tetrazolium bromide;
MTT) assay (Gerlier & Thomasset, 1986). MTT was
added to the culture medium to give a final concentration
of 0.5 mg ml−1 and the myotubes were incubated for a
further 3 h, at which time the medium was aspirated,
100 µl dimethyl sulphoxide (DMSO) was added and the
absorbance at 540 nm was measured.

Preconditioning and damaging treatment of C2C12

myotubes with H2O2. The H2O2 viability studies
indicated that an initial concentration of 100 µm H2O2

was non-damaging at 4 h following treatment with
only a minor effect on cell viability at 12 h following
treatment (Fig. 3B). Preliminary studies suggested that
this concentration also resulted in some adaptive changes
in the myotubes. A concentration of 2 mm was found to
result in an approximate 40% reduction in viability of
myotubes at 4 h following treatment (Fig. 3B). Therefore
an initial concentration of 100 µm H2O2 was used to ‘pre-
condition’ the myotubes and the susceptibility of myotubes
to damage was assessed 4 or 12 h later by challenge with
2 mm H2O2. Viability was measured using the MTT assay
described above.

Determination of stress gene expression in myotubes
and gastrocnemius muscles

Total RNA was isolated from myotubes or gastro-
cnemius muscles using the Atlas Pure Total RNA
labelling kit (BD Biosciences, Palo Alto, CA, USA).
Briefly, myotubes were harvested and pelleted and gastro-
cnemius muscles were powdered under liquid nitrogen
prior to phenol–chloroform extraction. Total RNA and
DNA was precipitated with isopropanol and centrifuged
(20 000 g , 10 min). The sample was washed with 80%
ethanol, resuspended in RNase-free H2O and treated with
DNAse I for 30 min at 37◦C. The RNA content of samples
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was measured using the RiboGreen RNA quantification
assay (Molecular Probes, Leiden, the Netherlands). The
quality of total RNA was examined by electrophoresis of
1–2 µg RNA on a denaturing 1% agarose–formaldehyde
gel containing ethidium bromide. cDNA probe synthesis
was then undertaken by PCR incorporation ofα32P[dATP]
using Atlas Array specific primer set. Labelled cDNA
was purified from unincorporated 32P by column
chromatography.

The mouse stress array (Clontech, Palo Alto, CA, USA)
comprising 140 mouse cDNAs, nine housekeeping control
cDNAs and negative controls immobilized in duplicate
on a nylon membrane were probed. This array contains
cDNA for a number of stress response regulators and
effectors, including proteins involved in DNA damage
and repair, stress response proteins, chaperones and
HSPs, oncogenes and tumour suppressors, kinase network
members and proteins involved in xenobiotic metabolism.
Filters were pre-hybridized at 68◦C for 30 min using the
ExpressHyb solution provided. Labelled cDNA probes
were denatured by boiling for 2 min and stored on
ice for 1 min. Probes were then added directly to the
pre-hybridization solution. Hybridization was carried
out overnight. Following removal of the probes, filters
were washed three times in 2x saline–sodium citrate
(SSC) buffer (150 mm sodium chloride, 15 mm sodium
citrate) prepared from a stock 20x solution (Invitrogen,

Figure 1. Contraction-induced release of CK activity
Contraction-induced release of CK activity from isolated EDL (A) or
soleus (B) muscles following either no pre-treatment (�) or stimulation
4 h previously (�). ∗P < 0.05 compared with values for pre-stimulated
muscles at the same time point; n = 4.

UK) containing 1% SDS at 68◦C for 30 min, once in
0.1× SSC, 0.5% SDS at 68◦C for 30 min and with a
final wash in 2x SSC at room temperature for 5 min.
Filters were exposed to a phosphor screen (Amersham
International, Amersham, UK) for 24 h. The phosphor
screen was scanned using a Biorad Personal Molecular
Imager FX (Biorad, Hercules, CA, USA). Quantity one
software (Biorad) was used to analyse the images.
Microarray images were standardized by normalization
to the ‘housekeeping’ genes that were detected on the
array. There has been considerable discussion about
the variability in mRNA data from arrays including
strategies to eliminate false positive and negative changes in
expression (Miller et al. 2001). In order to try to minimize
the occurrence of these false positives and negatives, the
data reported here were obtained from analysis of pooled
RNA samples from three to four experiments (cell cultures
or mouse muscle). Only data from genes that showed at
least a two-fold change (increase or decrease) in expression
are reported, in line with many recent publications using
these technologies (e.g. see Chuang et al. 2002).

Analysis of haem oxygenase-1 expression
in myotubes

mRNA content. mRNA from myotubes was obtained
as above and analysed for haem oxygenase-1 (HO-1)
mRNA by RT-PCR using the Access RT-RCR System
(Promega, UK) in combination with primer pairs:
5′-ACACCTGAGGTCAAGCACAGGGTG-3′; 5′-GAGC-
GGTGTCTGGGATGAGCTAGT-3′ (SwissProt accession
no. P14901).

Products were resolved on a 1.5% agarose gel and
quantified using scanning densitometry. Data were
normalized to β-actin mRNA levels and expressed as a
percentage of control values.

Protein content. For analysis of HO-1 protein content,
myotubes were pelleted and placed into 1% SDS
containing protease inhibitors (McArdle et al. 2001).
Following sonication, 50 µg soluble protein was
subjected to one-dimensional SDS-PAGE through a 12%
gel and transferred to a nitrocellulose membrane as
previously described (McArdle et al. 2001). Non-specific
binding was blocked by incubation of the membrane in
PBS-Tween plus 5% dried milk (1 h at room temperature).
Membranes were then probed with a monoclonal
antibody against HO-1 (Stressgen, Canada). Antibody
binding was visualized by enhanced chemiluminescence
(ECL) following incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies (McArdle et al.
2001).

Statistical analysis

Data were analysed by one-way analysis of variance with
modified Bonferroni test where significance was indicated.
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Table 1. Effect of differing preconditioning protocols on relative creatine kinase activity released over 2 h from
isolated EDL and soleus muscles in response to damaging contractile activity

Time following preconditioning stress

4 h 12 h

Preconditioning protocol EDL muscles Soleus muscles EDL muscles Soleus muscles
(%) (%) (%) (%)

No preconditioning 100 100 100 100
15 min contraction protocol in vivo 47 ± 36 55 ± 26 100 ± 18 124 ± 29
15 min hyperthermia in vivo 97 ± 10 82 ± 7 96 ± 17 81 ± 17

P < 0.05 was considered significant. Data are expressed as
the mean ± s.e.m.

Results

Intact muscle studies

Effect of preconditioning contraction protocol on release
of CK activity following a damaging contraction protocol.
The in vitro damaging contraction protocol administered
to EDL and soleus muscles from control adult mice resulted
in a significant release of CK activity over the subsequent
120 min as previously reported (McArdle et al. 1991). The
pattern of release of CK activity indicating that substantial
damage to the isolated muscles had been induced by the
contraction protocol is shown in Fig. 1. Prior exposure
of the EDL and soleus muscles to the preconditioning
protocol of in vivo isometric contractions 4 h prior to the
in vitro protocol resulted in a significant protection against
contraction-induced damage, shown by a reduction in
the release of CK activity (Fig. 1A and B, summarized
in Table 1). This protection was not apparent in muscles
removed from mice at 12 h following the preconditioning
protocol (Table 1). The preconditioning protocol had no
effect on the maximum absolute force generated by the
EDL and soleus muscles or on total muscle CK activity
(data not shown in detail).

Effect of prior hyperthermia on release of CK activity
following a damaging contraction protocol. Previous
data have indicated that in EDL and soleus muscles, the
preconditioning protocol leads to an increase in both
the content of heat shock proteins 60 and 70 (HSP60
and HSP70) and the activities of superoxide dismutase
(SOD) and catalase (McArdle et al. 2001). To examine
the effect of a rise in HSP content on the susceptibility
to contraction-induced damage, mice were subjected to a
period of hyperthermia at 4 or 12 h prior to exposure of
muscles to the damaging contraction protocol. A 15 min
period of hyperthermia has previously been shown to
result in a significant increase in the content of HSPs
in soleus and EDL muscles at 4 h, peaking at 12–18 h
post hyperthermia (McArdle & Jackson, 1996). The prior
hyperthermia and induced elevation in HSP content

did not appear to influence the release of CK activity
from either EDL or soleus muscles following damaging
contractile protocol (Table 1). Muscle hyperthermia also
had no significant effect on the total CK content of muscles
at any time point (data not shown in detail).

Cell culture studies

Effect of H2O2 on viability of myotubes. The effects of
H2O2 treatment on muscle adaptation and susceptibility
to H2O2-mediated damage were assessed using a cultured
myotube model. Myotubes were found to be highly
resistant to H2O2-induced damage. This appeared to be
in part due to the rapid decline in H2O2 concentration
in DPBS at 37◦C which by 30 min was reduced to
approximately 40% of its initial value (Fig. 2A). At initial
concentrations of up to 1 mm no significant decrease
in cell viability was detectable at 4 h after exposure
(Fig. 2B) although some loss of viability was detected after
12 h. Concentrations of 2 mm and above were found to
induce a ∼40% reduction in myotube viability at 4 h
postexposure that had increased significantly by 12 h
postexposure (Fig. 2B). Myotube death, as assessed by the
MTT assay, was accompanied by a shortening of myotube
length followed by cells lifting from the plate (Fig. 2C).
In all subsequent studies 100 µm was used as the pre-
conditioning concentration and 2 mm H2O2 was used to
damage myotubes.

Effect of pre-treatment with 100 µM H2O2 on
susceptibility of myotubes to H2O2-induced loss of cell
viability. Exposure of myotubes to 2 mm H2O2induced a
∼40% loss of viability at 4 h following treatment (Fig. 3).
Pre-treatment of cultures with 100 µm H2O2at 4 or 12 h
previously resulted in a significant protection against this
loss of viability (Fig. 3). For clarity, data are presented
as both the raw absorbance values from the MTT assay
(Fig. 3A) and as the percentage viability compared to
control untreated myotubes (Fig. 3B).

Gene expression studies

Effect of H2O2 on gene expression in myotubes.
Expression of 41 genes, out of 140 immobilized
on the array, was detected in the control untreated
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myotubes. Table 2 shows those genes in which the mRNA
levels changed by more than two-fold when compared
with untreated cells at 4 h following treatment with
100 µm H2O2. Only 22 genes showed a greater than
two-fold regulation and only one, haem oxygenase-1
showed differential up-regulation of expression at 4 h
following treatment. The full data set from these cDNA
array studies is presented as supplementary material to
this paper on the Journal of Physiology website and
has been deposited in the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/), data sets GSM28693
and GSM 28694.

Effect of contractile activity on gene expression in
adult mouse gastrocnemius. Quiescent gastrocnemius
muscles of adult mice were found to express mRNA
from 46/140 genes immobilized on the array. Levels of

Figure 2 The effect of H2O2 treatment on
the viability of C2C12 myotubes
A, change in absolute concentration of H2O2

with time during incubation in Dulbecco’s
phosphate-buffered saline. The initial
concentration of H2O2 was 2 mM. B, viability
of 5-day-old cultured myotubes measured at
either 4 (�) or 12 (�) hours following exposure
to different concentrations of H2O2 for 30 min
∗P < 0.05 compared to untreated cells;
n = 12. C, light microscopy of control
untreated 5-day-old myotubes and myotubes
at 4 h following treatment with 0.1 or 2 mM

H2O2 for 30 min.

expression from 23 of these 46 genes were found to
change by over two-fold at 4 h post exercise (Table 2),
but only three (haem oxygenase-1, RAD23 UV excision
repair homologue A and vimentin) had an increased
level of expression. The full data set from these cDNA
array studies is presented as supplementary material to
this paper on the Journal of Physiology website and
has been deposited in the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/), data sets GSM28695
and GSM 28696.

Haem oxygenase-1 expression in myotubes. Haem
oxygenase-1 (HO-1) was the only gene to show
up-regulation in expression in the in vitro myotube and
in vivo muscle models and in order to assess the validity of
the array data, both mRNA and protein for HO-1 were
subjected to more detailed analysis. RT-PCR of HO-1
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mRNA revealed a significant increase at 4 h post H2O2

exposure in myotubes (Fig. 4A). Western blot analyses of
HO-1 protein indicated an increased content of HO-1
protein at 4, 8, 12 and 24 h after H2O2 treatment with an
apparent peak content at ∼12 h after treatment (Fig. 4B).

Discussion

Data indicate that prior exposure of skeletal muscle to
a period of non-damaging contractile activity provides
protection against a subsequent exposure to a normally
damaging protocol of contractions. This protection was
apparent at 4 h, but not at 12 h, following preconditioning.
This reduced release of CK activity appears to represent
a true reduction in susceptibility to contraction-induced
damage as the pre-stimulation had no effect on total
muscle CK activity or on the contractility of the muscle.
The damage induced by the in vitro contraction protocol
is associated with an increase in muscle free radical
generation (Jackson et al. 1985) and a failure of muscle
calcium homeostasis (Jones et al. 1984; McArdle et al.
1992). Furthermore, it can be modulated by antioxidants
(Jackson et al. 1983) or substances influencing calcium
handling (Jackson et al. 1984). We hypothesized that prior
exposure of muscle to a short period of non-damaging
contractile activity would up-regulate the activity of anti-
oxidant protective enzymes and HSPs (McArdle et al. 2001)
providing protection to the muscle tissue against future
insults. However, the lack of induction of a protective
effect by prior exposure to hyperthermia (Table 1) argues
against a role for HSPs in the protection mechanism. It
may be that the changes in gene expression following
a stress are targeted to protect against damage induced
by a similar stress. In addition, muscle temperature
during the preconditioning contraction protocol does not
increase significantly (McArdle et al. 2001) indicating that
hyperthermia is not a factor activating changes in gene
expression in this system. Thus it appears that the pattern
of changes in gene expression following hyperthermia
do not protect against contraction-induced muscle
damage.

There is evidence that muscles subjected to the
preconditioning protocol used here produce increased
amounts of ROS (McArdle et al. 2001, 2004) and
that supplementation with antioxidants abolishes the
increased production of HSPs following exercise in
humans (Khassaf et al. 2003). This suggests that this
increased ROS production may act as a signal for some
aspects of the stress response in muscle. To examine the
potential role of reactive oxygen species in the protection
provided by the preconditioning contraction protocol, we
undertook parallel studies to examine the possibility
that mild exposure of muscle cells to a model oxidant
(H2O2) would induce adaptive responses to protect against
subsequent (normally) damaging exposure to the oxidant.

We reasoned that comparison of the changes in gene
expression that occur in muscle cells following treatment
with H2O2 with those in muscle following contractile
activity would help identify ROS-mediated changes in gene
expression in the intact muscle system in vivo.

H2O2 was chosen as the model oxidant as it has
been used in many other studies (for recent examples see
Matoba et al. 2000; Chuang et al. 2002; Jaramillo & Olivier,
2002) and there is evidence that H2O2 is released during
contractile activity in skeletal muscle (O’Neill et al. 1996;
McArdle et al. 2004). H2O2 is generated in mitochondria
by dismutation of superoxide and by oxidation of
specific molecules such as biogenic amines (Cadenas &
Davies, 2000), and within the cytosol by dismutation of
superoxide. Our preliminary data indicated that
myotubes were relatively resistant to H2O2-induced
toxicity and maintained viability at concentrations
that would damage many other cell types. Thus, a
concentration of 2 mm was necessary to produce

Figure 3. Viability of myotubes at different times following
treatment with a preconditioning concentration (100 µM) of
H2O2 prior to treatment with a damaging concentration (2 mM)
of H2O2
The effect of 100 µM H2O2 alone is shown (�) and the effect of 2 mM

H2O2 at specified times following the exposure to the preconditioning
concentration (100 µM) (�). aP < 0.05 compared with control
untreated cells; bP < 0.05 compared with cells treated with 100 µM

H2O2 alone; cP < 0.05 compared with cells treated with 2 mM

H2O2without any preconditioning. Data are presented as both the raw
absorbance values from the MTT assay (Fig. 3A) and as the percentage
viability compared with appropriate suitable control, untreated
myotubes (Fig. 3B); n ≥ 20 in all cases.
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Table 2. Changes in stress gene expression in myotubes and gastrocnemius muscle

Fold change in expression at 4 h
following preconditioning stress

Gene name GenBank Acc. No. C2C12 myotubes Gastrocnemius muscle

7,8-Dihydro-8-oxoguanine triphosphatase (8-oxo-dGTPase) D49956 Decreased to ND NC
DNA-repair protein XRCC1 U02887 Decreased to ND NC
ATP-dependent DNA helicase II 70 kDa subunit M38700 Decreased to ND NC
RAD23 UV excision repair protein homologue A (RAD23A) X92410 Decreased to ND Increased from ND
RAD23 UV excision repair protein homologue B (RAD23B) X92411 Decreased to ND NC

General transcription factor IIHpolypeptide 1 62 kDa subunit
(TfIIH 62-kDa-subunit) AJ002366 NC Decreased to ND

Growth arrest and DNA-damage-inducible protein 45 (GADD45) L28177 Decreased to ND Decreased to ND
Cyclin-dependent kinase inhibitor 1 (CDKN1A) U09507 Decreased to ND NC
Cyclophilin-40 AA407024 Decreased to ND NC
Vimentin X51438 −2.93 Increased from ND

T-complex protein 1 α subunit A (TCP1-α);
CCT-α (CCTA; CCT1) D90344, M12899 Decreased to ND −2.02

T-complex protein 1 β subunit (TCP1-β); CCT-β Z31553 Decreased to ND NC
T-complex protein 1 δ subunit (TCP1-δ); CCT-δ Z31554, L25913 Decreased to ND NC
T-complex protein 1 ε subunit (TCP1-ε); CCT-ε Z31555 Decreased to ND − 2.27
T-complex protein 1 γ subunit (TCP1-γ ); CCT-γ Z31556, L20509 Decreased to ND NC
T-complex protein 1 η subunit (TCP1-η); CCT-η Z31399 −2.63 −2.22
T-complex protein 1 θ subunit (TCP1-θ ); CCT-θ Z37164 NC −2.23
T-complex protein 1 ζ subunit (TCP1-ζ ); CCT-ζ -1 Z31557 NC Decreased to ND

Haem oxygenase 1 (HO-1) M33203, X13356 +2.01 +2.58
Calnexin precursor (CANX) L18888, L23865 NC −2.03
Probable protein disulphide isomerase ER-60 precursor (ERP60) M73329 Decreased to ND NC
ERp72 endoplasmic reticulum stress protein J05186 NC Decreased to ND
Calcium-binding protein 140-kDa (CAB140; CBP140) S78797 Decreased to ND NC

Mitogen-activated protein kinase p38 (MAP kinase p38) U10871 Decreased to ND NC
MAPKAPK-2; MAP kinase-activated protein kinase; MAPKAP kinase 2 X76850 Decreased to ND Decreased to ND
Dual-specificity mitogen-activated protein kinase kinase 3 (MAPKK 3) X93150 Decreased to ND NC
Transforming protein rhoB X99963 Decreased to ND NC
Ubiquitous kinesin heavy chain (UKHC) U86090 NC Decreased to ND

Multidrug resistance protein 2 (MDR2) J03398 NC Decreased to ND
Nucleophosmin (NPM) M33212 NC Decreased to ND
Adrenodoxin precursor; adrenal ferredoxin 1 (FDX1) L29123 NC −2.17

Cytochrome P450 1A1 (P450-P1) M10021, K02588 NC Decreased to ND
Cytochrome P450 IIE1 (P450-J) L11650 NC Decreased to ND
Cytochrome P450 IIF2 (P450-NAH-2) M77497 NC Decreased to ND
Quinone oxidoreductase; NADH:quinone oxidoreductase S70056 NC Decreased to ND

Microsomal UDP-glucuronyl transferase 1–2 precursor S64760 NC Decreased to ND
Serum paraoxonase/arylesterase 3 (PON 3) L76193 NC Decreased to ND

ND, non-detectable. NC, no change or less than two-fold change in expression.

∼40% damage to myotubes at 4 h following treatment.
Preliminary data also indicated that myotubes respond
to treatment with a non-damaging concentration of
H2O2(100 µm) by up-regulation of cellular HSP25
indicating that this dose and duration of exposure
(30 min) was appropriate to stimulate adaptive changes
in gene expression in myotubes. Exposure of myotubes to
100 µm H2O2 resulted in a significant protection against
subsequent exposure to 2 mm H2O2 at 4 and 12 h after
treatment with 100 µm H2O2 (Fig. 3). We therefore

used 4 h after exposure for the study of mRNA
profiles.

The changes in gene expression that followed exposure
of myotubes to 100 µm H2O2 were relatively modest with
19 of the 140 genes on the array showing significant
changes 4 h postexposure (Table 2). The major response
to H2O2 involved a reduced expression of 18 of the
expressed mRNA although the expression of HO-1
was increased. In growing or replicating cells, this
concentration of H2O2 has been reported to lead to
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a temporary growth arrest and prolongation of the
cell cycle (Wiese et al. 1995) and the reduction in
expression of 18 mRNA species may reflect a temporary
reduction in growth in the differentiated multinucleated
mytotubes. Standardization of stress-targeted arrays under
these conditions may be problematic. If a substantial
number of the genes present on the array all change
in the same direction (e.g. down-regulated) then the
use of a global standardization would be inappropriate.
The data obtained were analysed by various methods
including global standardization, standardization to one
‘housekeeping’ gene and standardization to multiple
‘housekeeping’ genes and generally comparable data were
obtained regardless of the method of standardization
suggesting no gross down- or up-regulation of multiple
genes had occurred after treatment of myotubes with H2O2

or in intact muscle after contractile activity. The data
presented have been normalized to the expression of the
‘housekeeping’ genes expressed (n = 6–9 genes) on the
array.

Some previous data have indicated that exposure of
myotubes to a much higher concentration of H2O2(2 mm)
resulted in up-regulation of mRNA for four antioxidant
enzymes (catalase, GPx1, SOD1 and SOD2; Franco et al.
1999). We consider it likely that higher concentrations of
H2O2 than the 100 µm used in the current study would
have additionally induced changes in the expression of
these antioxidant genes and other genes, but our data
indicated that the concentration of 2 mm used by Franco
et al. (1999), caused substantial loss of cell viability in
the myotubes (Fig. 2). Our experiments were designed
to identify those genes regulated by the non-damaging
concentration of the oxidant that preconditioned the
muscle cells against subsequent exposure to damaging
concentrations.

The preconditioning contraction protocol that was used
on intact muscle has previously been shown to lead to an
increase in the free radical signal seen on electron spin
resonance examination of skeletal muscle (Jackson et al.
1985), the release of an increased amount of superoxide
(McArdle et al. 2001) plus an increase in hydroxyl radical
activity in the interstitial fluid of contracting skeletal
muscle (McArdle et al. 2004). In addition there is evidence
for a transient and reversible oxidation of muscle protein
thiols with subsequent increases in SOD and catalase
activities and HSP60 and 70 contents (McArdle et al. 2001).
In the light of this, we predicted that the contraction
protocol would lead to altered expression of multiple genes,
at least partly as a response to the oxidative stress induced
by contractions. Twenty-three mRNA species showed a
significant change in expression at 4 h post contractions
(Table 2).

A comparison of the pattern of changes in the mRNA
for the genes modified by contractile activity with the
changes in expression of the same genes following H2O2

exposure of myotubes reveals that changes in only
six of the genes show approximately the same pattern
with the different stresses (Table 2). It can therefore be
argued that changes in the expression of these genes
may represent part of an oxidant-mediated response to
contractile activity. These genes (GADD45, HO-1, MAP
kinase-activated protein kinase, T complex protein 1 α, ε

and η) respond to H2O2 in muscle cells and are modulated
in a similar manner by contractile activity. Only one of
these (HO-1) showed up-regulation following contractile
activity. Data from both the PCR and the Western blot
analyses of peroxide-treated myotubes (Fig. 4) alongside
published data showing HO-1 was increased in skeletal
muscle following contractile activity (Pilegaard et al. 2000)
support a role for HO-1 in this response. A number of
genes are present on the arrays that would be predicted to
have been increased in expression by the oxidative stress
of contractile activity, including catalase, Sod2 (MnSOD)
and HSP60, but this was not seen. We have previously
reported an increase in protein level of HSP60 and activities
of catalase and SOD in soleus muscles at various time
points following the preconditioning contraction protocol
(McArdle et al. 2001). It may be that the changes in mRNA
expression for these genes occurred at later time points or
that control of absolute levels/activities of these proteins is
not at the RNA level. However, previously obtained data do
not support the hypothesis that changes in the expression
of these proteins underly the mechanism responsible for
protection against damage. These include the observations
that catalase and SOD activities were not elevated at 4 h

Figure 4 Haemoxygenase expression in C2C12 myotubes
A, relative intensity of the RT-PCR band for HO-1 normalized to the
expression of β-actin mRNA and presented as percentage of control
values. ∗P < 0.05 compared with control untreated myotubes.
B, typical Western blots of the HO-1 content of myotubes at 4 (lanes 1
and 2), 12 (lanes 3 and 4), 18 (lanes 5 and 6) and 24 h (lanes 7 and 8)
following treatment for 30 min with 100 µM H2O2 in comparison with
control untreated myotubes (lanes 9 and 10).
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following the contraction protocol (McArdle et al. 2001)
at a time when protection against damage was seen. Also,
we previously reported that no significant elevation of
HSP60 was seen in the EDL muscles at this time point
(McArdle et al. 2001), whereas here we show significant
protection against subsequent damage in the EDL
muscle.

The expression of only one of the genes present on
the stress array (HO-1) shows a precise association with
protection in both the myotube and in vivo model
systems. HO-1 is a strong candidate to play a key role in
protecting skeletal muscle against damage due to increased
generation of oxidants and has been reported to perform
this action in other cell types (Barreiro et al. 2002; Lee
et al. 2003; Hirai et al. 2003). HO-1 expression is induced
by a wide variety of stimuli, many of which are known to
cause oxidative stress (Morse & Choi, 2002). The manner
by which an increased content of this protein can be
cytoprotective is the subject of considerable research. A
major function of the protein is to catabolize haem to
generate bilirubin, and carbon monoxide and free iron,
all of which have been postulated to play direct or indirect
roles in the cytoprotective effects of HO-1 (Morse & Choi,
2002). We have attempted to further examine the possible
role of this protein in protection of skeletal muscle by
looking for potential effects of inhibitors of HO-1 activity
(Yee et al. 1996; Schaaf et al. 2002), but unfortunately these
compounds induced damage to muscle cells and hence
experiments were not informative. Further studies with
mice overexpressing or lacking HO-1 expression appear
warranted.

In conclusion, we have shown that in mouse muscle
cells both contractile activity and H2O2 stress induce
adaptive responses that protect against subsequent
exposure to contractile activity or oxidant stress.
Furthermore there is a small cohort of skeletal muscle
‘stress’ genes that respond to contractile activity and
to oxidative stress of which HO-1 may be particularly
important.
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